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A b s t r a c t
The unrestricted access to clean and inexpensive water is perceived as one of the most basic humanitarian objectives; how-
ever, it still remains a challenge in 21st century due to many factors such as constantly increasing pollution of surface water.
One of the remedies for this situation might be so called in-depth municipal waste water treatment. The objective of this
paper was to examine the efficacy of the pressure-driven membrane filtration (ultra- and nanofiltration) to remove bisphe-
nol A from a variety of environmental matrices including real effluent from municipal wastewater treatment plants. The
process of pressure-driven membrane filtration was realized through dead-end flow filtration with the use of different com-
mercial membranes. It has been proved that bisphenol A retention coefficient depended both on the process type and the
physical and chemical properties of the membrane applied. The type of water matrix was also significant. It has been deter-
mined that efficient bisphenol A removal is possible only in the process of nanofiltration. However, in this case the selection
of an appropriate membrane is of a great importance because of the physical and chemical parameters that determine both
separation properties and the intensity of adverse reactions that accompany pressure-driven filtration processes.
S t r e s z c z e n i e
Nieograniczony dostęp do czystej i niedrogiej wody jest uważany za jeden z najbardziej podstawowych celów humanitarnych,
który jednak dalej pozostaje wyzwaniem 21-ego wieku z uwagi m.in. na wzrastające zanieczyszczenie wód powierzchniowych.
Jednym ze środków zaradczych w tej sytuacji ma być tzw. pogłębione oczyszczanie ścieków komunalnych. W ramach
niniejszej pracy podjęto badania nad oceną efektywności ciśnieniowej filtracji membranowej (ultra- i nanofiltracji)
w aspekcie usuwania bisfenolu A z różnych matryc środowiskowych, w tym rzeczywistego odpływu z oczyszczalni ścieków
komunalnych. Proces ciśnieniowej filtracji membranowej realizowano w układzie filtracji jednokierunkowej stosując rożne
komercyjne membrany. Wykazano, że współczynnik retencji bisfenolu A zależał zarówno od rodzaju procesu jak i właści-
wości fizykochemicznych użytej membrany. Istotny był również rodzaj oczyszczanej matrycy wodnej. Określono, że skutecz-
na eliminacja bisfenolu A możliwa jest jedynie w procesie nanofiltracji. Jednak w tym zakresie istotny jest dobór odpowied-
niej membrany biorąc pod uwagę parametry fizyczno-chemiczne, które determinują zarówno właściwości separacyjne jak
i intensywność zjawisk niekorzystnych towarzyszących ciśnieniowej filtracji.
K e y w o r d s : Separation of micropollutants; Bisphenol A; Nanofiltration; Ultrafiltration.
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1. INTRODUCTION
Water is one of the basic raw materials that support
life on Earth. The unrestricted access to clean and
inexpensive water is perceived as one of the most
basic humanitarian objectives; however, it still
remains the challenge of 21st century due to many
factors such as constantly increasing pollution of sur-
face water. The three biggest sectors in the world that
utilise water are agriculture (70%), industry (19%)
and households (11%) [1]. Unfortunately, a variety of
factors including increase of urbanization processes,
water supplies pollution, inappropriate water man-
agement, climate change, and ever increasing human
population led to water crisis. According to the
United Nations [2], approximately 1.2 billion people
live in the areas of physical water deficiency. The
results of the above mentioned lack or shortage of
water are extremely serious. According to data pro-
vided by World Health Organization [3], more than
3.4 million people die from water and hygienic prob-
lems every year. Additionally, water deficit signifi-
cantly threatens agriculture decreasing food supplies
[4]. According to the above mentioned findings,
effective treatment of surface water has become one
of the priority tasks of engineering and environmen-
tal protection. There are other solutions sought in
this area that aim at decreasing the quantity and con-
centration of pollution immersing in surface waters
e.g. with effluents from municipal wastewater treat-
ment plants.
Majority of current wastewater treatment plants
applies conventional purification based on mechani-
cal and biological systems [5]. Taking into considera-
tion anthropic influence such as recycling of industri-
al waste, the before mentioned conventional effluent
treatment systems are inefficient especially in the
aspect of removal of low-molecular weight organic
compounds such as industrial additives, pesticides,
herbicides, pharmaceutical residues and arsenic [5-9].
The need to remove these pollutants triggers the use
of advanced oxidation methods as well as activated
carbon adsorption. Nevertheless, these types of solu-
tions are problematic due to the production of toxic
by-products as well as fast saturation of activated car-
bon with pollutants [10-12]. Pressure-driven mem-
brane techniques constitute a competitive alternative.
Pressure driven membrane techniques belong to the
group of processes that enable the separation of pol-
lutants on a molecular or ionic level [13-16].
Membrane processes are most frequently used for
desalination of salted water and for production of
ultrapure water, water softening and removal of
organic substances including micropollutants. The
use of membrane processes in treatment systems of
different water streams ensures high level of automa-
tization and significantly reduces the use of chemical
substances and costs. The main challenge of this tech-
nology, however, is the inseparable compromise
between membrane selectivity and permeability. The
design process and utilisation of water stream treat-
ment stations that use these pressure driven separa-
tion techniques becomes complex because of pollu-
tants adsorbed on membranes after the filtration.
Moreover, they significantly reduce the membrane
working time. Nevertheless, the performance of the
membrane itself depends largely on the material of
which its structure is composed. The market current-
ly offers commercial membranes enriched with a
variety of materials (polymers, ceramics, metals, etc.)
that show increased permeability along with thermal
and mechanical stability. On the other hand, there
still exists the need to test these separation properties
of newly released membranes in terms of their
removal abilities regarding low molecular weight
organic micropollutants.
Based on the information presented above, this
paper describes an attempt undertaken to establish
the efficacy of low and high pressure membrane fil-
tration to remove bisphenol A (an organic compound
from the phenols group used in the production of
plastic formulations) from different water matrices.
Both a simulated and real effluent was investigated.
The results obtained were compared in terms of effi-
cacy of bisphenol A removal for a deionised water
based solution. This study investigated 1 membrane
with UF-GE symbols for low-pressure ultrafiltration
process and 4 membranes for high-pressure nanofil-
tration, i.e. NF-90, NF-270, DK and HL. These mem-
branes were selected in such a way as to vary against
selected physical and chemical properties.
2. MATERIALS AND METHODS
2.1. Materials and reagents
The bisphenol A (BPA) model with the percentage of
purity >98% by Sigma-Aldrich was applied.
Moreover, investigations included methanol with
>99.5% of purity and acetonitrile with >99.5% of
purity by Avantor. For the solid phase extraction
(SPE) Supelclean™ ENVI-18 cartridges volume
6 mL (1.0 g) by Supelco as well as the SPE chamber
from the same company were applied.
Membrane with the symbols of NF-90 and NF-270
were from Dow Filmtec, whereas DK, HL and
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UF-GE were from GE Osmonics Inc. A detailed
characteristics of membranes have beenpresented in
Table 1.
2.2. Treated solutions characteristics
The pressure-driven treatment with the use of mem-
brane techniques was applied to solutions prepared
from deionized water, simulated and real effluents
after a biological purification with bisphenol A in a
constant concentration of 500 µg/L. Physical and
chemical properties of the investigated solutions are
presented in the following table (Tab. 2).
The real effluent was taken from a domestic waste-
water treatment plant working in the mechanical and
biological system, and located in the western Poland.
The simulated effluent was prepared on the basis of
dry stock, casein peptone, NH4Cl, NaCl,
CaCl26H2O, MgSO47H2O, K2HPO4 and KH2PO4.
2.3. Analytical procedures
Laboratory pH-meter inoLab® 740 by WTW GmbH
– Laboratory & Field Instrumentation was incorpo-
rated to measure general parameters (pH, tempera-
ture). Absorbance was measured with 254 nm wave-
lenght by means of UV VIS Cecil 1000 by Analytik
Jena AG, whereas the concentration of TOC was
determined by HiPerToc analyser by Thermo
Elektron.
Bisphenol A was identified by means of a solid phase
extraction (SPE) and chromatographic analysis GC-
FID. Supelclean™ ENVI-18 cartridges volume 6 mL
(1.0 g) by Supelco were applied for extraction. Prior
to a separation, the stationary phase was conditioned
with acetonitrile (5 mL) and methanol (5 mL), and
then rinsed with deionized water (5 mL). The sepa-
rated compounds were eluted with a mixture of ace-
tonitrile and methanol (40/60, v/v) of volume size
1 mL. For the qualitative analysis of the extract the
analytical system GC-FID by Young Lin Instrument
was applied. The extract was divided in the column
SLBTM-5 ms by Supelco, its dimensions were
30 m x 0.25 mm x 0.25 µm, using the temperature of
the column oven program 55°C (3 min), 30°C/min till
240°C, 2°C/min up to 250°C (0.8 min). The remaining
temperature parameters were as follows: injector -
270°C. A gaseous mixture of air (flow 300 mL/min),
helium (20 mL/min) and hydrogen (30 mL/min) con-
stituted a mobile phase. Sample injections (volume
3 µL) were performed manually with a micro syringe
volume 10 µL manufactured by Hamilton.
2.4. Membrane filtration
The membrane filtration process was conducted in a
steel cell (400 mL) equipped with a stirrer in which
membranes with active area of 0.00385 m2 (Fig. 1)
were placed. A transmembrane pressure equal to
2.0 MPa was generated in the system through inert
Table 1.
Description of tested beams
Symbol NF-90 NF-270 DK HL UF-GE
Manufacturer Dow Filmtec GE Osmonics Inc.
Material* Composite membrane (thin film polyamide layer)
Molecular mass* [Da] 150 200 150-300 150-300 1000
Contact angle** [o] 63 17 37 25 41
Volumetric deionized water flux*** Jv·106, [m3·m-2·s-1] 47.03 33.28 16.47 42.42 9.46
Transmembrane pressure [MPa]
suggested No data No data 2.0 2.7 No data
max No data 4.0 4.0 4.0 No data
* manufacturer’s data
** own measurements with goniometer PG-1 by Fibro System AB;
*** determined experimentally with ΔP=2.0 MPa
Table 2.
The physical and chemical properties of the investigated solutions containing BPA
Treated solution pH* Conductivity [mS/cm] Absorbance (UV254) [1/cm] Total organic carbon (TOC) [mg/L]
Deionized water 7.0 0.005 0.000 0.00
Simulated effluent 7.0 0.793 0.055 24.41
Real effluent 7.0 0.985 0.218 33.01
**adjusted by HCl solution 0.1 mol/L or NaOH 0.1 mol/L
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gas provided from a cylinder. It constituted the dri-
ving force for these processes. The temperature of
the process was 20°C.
Prior to the main investigation each of the tested
membranes was conditioned through deionized
water filtration until values of the volumetric perme-
ate flux were stabilized and membranes’ transport
characteristics were determined (Tab. 3). In this
research the membrane transport properties were
determined by mean volumetric permeate flux based
on arithmetic mean of permeate fluxes from the total
duration of filtration cycle conducted to take 50%
volumetric feed. After developing a membrane filtra-
tion, proper test solutions were carried out. The main
filtration of the tested solutions was performed after
the membrane application. The membranes separa-
tion properties based on the micropollutant removed
were determined by designating the retention coeffi-
cient (Tab. 3).
3. RESULTS AND DISCUSSION
3.1. The influence of a membrane type and a process
type on the efficacy of bisphenol A removal from
deionized water
Figure 2 presents a direct relationship between reten-
tion coefficient of the micropollutant being removed
and a type of a membrane for deionized water solu-
tion.
The values of bisphenol A retention coefficients
ranged from approximately 5% (for UF-GE mem-
brane) up to 94% (for NF-90 and HL membrane).
The differences in the efficacy of bisphenol A
removal for the tested membranes were related to
their different physical and chemical properties, and
especially to the fact that membranes belonged to
two process groups, i.e. ultra and nanofiltration types.
Cut-off molar mass and hydrophobic and hydrophilic
properties of a membrane must be taken into consid-
eration when analysing the influence of the mem-
brane type and its parameters on the removal effi-
ciency of a tested micropollutant [18,19], especially
when compared to nanofiltration membranes from
different manufacturers.
Contact angle is a parameter that represents
hydrophobic and hydrophilic membrane properties.
Table 3.
Equations applied to evaluate the transport and separation membrane properties
Properties Parameter [unit] Equation No.
transport Volumetric permeate flux (Jv) [m3/m2·s] Jv=
V
F·t (1)
separation Retention coefficient (R) [%] R=(1–
cp)·100cn
(2)
V – volume (mL); F – membrane area (m2); t – filtration time (s); c – concentration (µg/L); indices: p – permeate, n – feed
Figure 1.
Dead-end nanofiltration unit [17]
Figure 2.
The influence of membrane type and process type on the effi-
cacy of bisphenol A removal from deionized water solution
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Table 2 presents its values for the investigated mem-
branes. According to the data presented in literature
[18] the value of the contact angle increased with the
rise of the hydrophobic area of the membrane, and
there was a concomitant increase in the adsorption
process and micropollutants retention. Therefore,
high bisphenol A retention noticeable in case of NF-
90 membrane comes as no surprise. On the other
hand, it is difficult to explain why membrane NF-HL
proved similar separation parameters to bisphenol A.
Analysing data from Table 1 it can be noticed that
membrane NF-90 and NF-HL prove approximated
transport parameters, what can be proved by the
value of the volumetric permeate flux. On the con-
trary, the value of this parameter was far higher for
these membranes than for the others. Thus, it can be
assumed that in case of NF-HL membrane this para-
meter has a significant influence on its separation
properties against bisphenol A.
The lowest value of bisphenol A retention coefficient
in case of UF-GE membrane is related to the fact
that this membrane is classified to be on the border
of ultra and nanofiltration processes and its cut off
moll mass (1000 Da, Table 1) was higher more than
six times when compared to this value for a typical
nanofiltration membrane, e.g. NF-90 membrane
(150 Da).
During this type of investigations no changes in trans-
port parameters of the selected membranes were
observed.
3.2. The efficacy of the bisphenol A removal from
simulated and real effluent
According to the literature describing similar
processes, [20-21] in order to assess the efficacy of
micropollutants removal by membrane filtration
process, additional investigations should be conduct-
ed with the use of solutions containing other organic
and non-organic substances that would enable to ini-
tiate membrane fouling and/or scaling [20-21].
Membrane filtration is usually accompanied by these
processes that lead to the decrease in membrane pro-
ductivity. Taking the above into consideration, the
second stage of the investigation incorporated simu-
lated effluent that included not only bisphenol A but
also organic and non-organic substances.
For all nanofiltration membranes (Fig. 3) the efficacy
of bisphenol A removal from the simulated effluent
was similar to the results obtained for deionized
water solution (Fig. 2). However, volumetric perme-
ate flux in these filtration conditions significantly
decreased for the majority of investigated mem-
branes, especially for NF-90 membrane known for its
high contact angle (Fig. 3). On the other hand, the
ultrafiltration process (UF-GE membrane) demon-
strated both significant decrease in the volumetric
permeate flux as well as increase of bisphenol A
retention coefficient by more than twelve times
(Fig. 3) when compared to the results obtained dur-
ing deionized water filtration (Fig. 2). This proves the
existence of additional processes that influence the
separation of a investigated micropollutant. One of
them is the formation of complexes between bisphe-
nol A molecules and other macromolecular organic
substances present in the solution that are efficiently
blocked by ultrafiltration membrane.
As a consequence of the deposition of organic and
nonorganic substances on the membrane surface we
deal with so called secondary membrane formation
with less porosity than in case of the primary mem-
brane, which improves the separation properties.
Many of these processes were explained in the paper
[22].
During the final stage of this research project the fil-
tration of real effluent was chosen to evaluate the
bisphenol A retention coefficient as well as the per-
formance of the selected membranes, i.e. NF-90.
These results were presented in Figure 4. The value
of the bisphenol A retention coefficient reached
more than 90% during the filtration of the real efflu-
ent on the nanofiltration membrane NF-90, whereas
volumetric permeate flux decreased with the process
duration similarly to the simulated effluent filtration.
On the other hand, in case of ultrafiltration mem-
brane UF-GE, the value of the retention coefficient
was much smaller and reached approximately 20%.
Again in this case volumetric permeate flux
decreased in comparison to the membrane produc-
tivity prior to the filtration process. It must also be
highlighted that the efficacy of ultrafiltration process
in case of real effluent treatment was completely dif-
ferent from simulated effluent. To sum up, it can be
deduced that a single ultrafiltration process should
not be applied in this type of applications.
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Permeate samples after the nanofiltration of the real
effluent showed also significant decrease of general
indicators connected with the presence of non-organ-
ic and organic substances, i.e. conductivity decreased
to the level exceeding 90%, whereas absorbance in
UV 254 nm decreased exceeding 98%.
4. CONCLUSIONS
Based on the investigations on separation of bisphe-
nol A in the process of ultrafiltration and nanofiltra-
tion it was demonstrated that the retention coeffi-
cient of the investigated compound depended both
on the type of the process and on the physical and
chemical parameters of the membrane applied. The
type of the treated water matrix was also of an impor-
tance. It was found that a single ultrafiltration
process is less effective in case of removal of low-mol-
ecular weight bisphenol A. This process indicated
higher retention of the investigated compound in
simulated effluent filtration that was a result of the
existence of additional processes in the solution
which not always exist in case of real effluent treat-
ment. Efficient bisphenol A separation is undoubted-
ly possible during the nanofiltration process, but in
this case an appropriate membrane selection is sig-
nificant. It was proved that the highest removal effi-
cacy of an investigated compound is possible to
obtain with membranes characterized by high values
of volumetric permeate flux. On the other hand, the
second criterion for membrane selection should be its
contact angle due to the decrease of membrane pro-
ductivity because of fouling or scaling. Membranes
with high values of this parameter are more vulnera-
ble to adverse events during membrane filtration. It
was also demonstrated that membrane molecular
mass cut off does not always constitute an appropri-
ate indicator of its separation properties. An addi-
tional advantage of a nanofiltration process is the
possibility to efficiently re-treat wastewater plant
effluents from other organic and non-organic sub-
stances.
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